Purpose: Liver cancer is one of the most common malignant tumor in the world. miR-31 is downregulated in liver cancer and associated with tumor growth and metastasis. However, the underlying mechanism remains unclear. Methods: Cellular apoptosis was detected via MTT, TUNEL assay, LDH release and Annexin V/PI flow-cytometry analysis. Cellular migration and invasion were measured by the Transwell chamber assay. Mitochondrial functions were evaluated via mitochondrial membrane potential JC-1 staining and mPTP opening assessment. The mitophagy activity was examined via Western blots. Results: In the present study, our results confirm that miR-31 promotes apoptosis and inhibits proliferation and metastasis in liver cancer HepG2 cells. In vitro, miR-31 promotes HepG2 cell apoptosis through the mitochondrial pathway as indicated by mitochondrial potential reduction, increased mPTP opening time, cty-c release and imbalance of pro-and anti-apoptotic proteins. Furthermore, miR-31 reduces the energy generation by inhibiting mitochondrial respiratory function. At last, it is demonstrated that miR-31 triggers the mitochondrial damage via ROCK1/F-actin pathway. Inhibiting the ROCK1/F-actin pathway abolishes the effects of miR-31 mimic on mitochondrial injury, apoptosis, proliferation arrest and migration inhibition. Conclusion: Our results reveal that miR-31 can inhibit HepG2 cell survival and metastasis by activating the ROCK1/F-actin pathway.
Introduction
Liver cancer is the sixth most common malignant tumor around the world and the fourth leading cause of cancer death worldwide.
1,2 Hepatocellular carcinoma (HCC)
is the main pathological type of liver cancer. 3 The main treatment methods for HCC include surgical treatment, arterial embolization, systemic chemotherapy and molecular targeted drug therapy. 4 However, due to the insidious onset, rapid progress and low early diagnosis rate of liver cancer, most patients are already in the advanced stage of the disease at the time of diagnosis, and the treatment effect is not good. 5 In advanced liver cancer cases, the 5 years' tumor recurrence and metastasis rate are as high as 40~70%. 6 Therefore, to explore the molecular biology process underlying liver cancer progression will help us better understand this disease and find effective targeted therapies.
As small non-coding RNAs, microRNAs (miRNAs) have been shown to contribute to regulate the translation of eukaryotic gene by altering mRNA expression and being involved in cancer initiation and progression. 7, 8 Recent works have reported that miR-31 is downregulated in liver cancers when compared to normal tissue and its overexpression is related to liver cancer cell lines HepG2 viability and metastasis. 9, 10 However, the underlying mechanism is still enigmatic. As the energy house in eukaryotic cells, it is reported that mitochondria play a critical role in cancer initiation and progression, including non-small-cell lung, prostate 11, 12 and breast cancer. 13 The impaired mitochondrial homeostasis results in mitochondrial potential collapse, ATP undersupply and mPTP opening, and subsequently inhibits cellular survival, proliferation and metastasis. 14, 15 Moreover, a recent study has suggested that mitochondria is significant in drug resistance through a closer connection with rough the endoplasmic reticulum (ER) in liver cancer compared with other tumor cells. 16 These findings indicate that the special role of mitochondria in liver cancer cells. However, whether miR-31 inhibits liver cancer HepG2 cell survival and metastasis through mitochondrial has yet to be fully elucidated.
Rho-associated coiled-coil containing protein kinase 1 (ROCK1)/F-actin pathway functions as a tumor suppressor in several types of cancer. 17, 18 Activating ROCK1/F-actin pathway suppressed cell survival and migration in nonsmall cell lung cancer (NSCLC) A549 cells. 19 Moreover, increased evidence have revealed the relationship between mitochondrial and ROCK1/F-actin pathway. 20, 21 In cerebral ischemia-reperfusion injury, ROCK1/F-actin is involved in Drp1-related mitochondrial fission and followed cellular apoptosis. 22 However, whether miR-31 affects liver cancer HepG2 cell survival and metastasis through the ROCK1/F-actin pathway remains uncertain. Thus, this study aims to explore mechanisms of miR-31 induced tumor suppression with a focus on mitochondrial injury and the ROCK1/F-actin pathway.
Materials and Methods

Cell Culture
The liver cancer cell lines, HepG2, and normal live cell lines, L02, were obtained from the American Type Culture Collection (Manassas, VA, USA). All cell lines were grown in RPMI-1640 suppled with 10% FBS and 1% penicillin-streptomycin under a humidified 5% CO 2 -enriched at atmosphere at 37°C. To inhibit ROCK1 activity, Y-27632 (5 mM; cat. no. S1049; Selleck Chemicals, Houston, TX, USA) was added to the medium for 4 h. 19 To activate mitophagy, FCCP (5 μM, cat. no. S1049; Selleck Chemicals, Houston, TX, USA) was used 2 h before treatment.
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Quantitative Real-Time PCR (qRT-PCR)
qRT-PCR was performed according to the manufacturer's instructions. 24 Briefly, total RNA was extracted from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) and reverse transcribed with a TaqMan MicroRNA Reverse Transcription kit (Takara Bio, Inc., Otsu, Japan) at 37°C for 30 min according to the manufacturer's instructions. qPCR was performed using the SYBR Green RT-PCR kit (Takara Bio, Inc. 
Cellular Migration and Invasion
After treatment, HepG2 cell migration was analyzed using a Transwell chamber assay (24 wells, 8-µm pore size with a polycarbonate membrane) as previously described. 27 Briefly, cells were suspended in serum-free medium and seeded into upper chambers that were either uncoated (for migration assay) or coated (for invasion assay) with BD Matrigel TM Basement Membrane Matrix. A volume of 0.5 mL of 20% FBS medium was added to the lower Transwell chamber as a chemoattractant. After incubation for 24 hrs, cells were fixed in 4% paraformaldehyde and stained with 0.1% Crystal Violet Staining Solution.
5-Ethynyl-2ʹ-Deoxyuridine (EdU) Incorporation Assay
The EdU incorporation assay was performed using an EdU kit (cat. no. A10044; Thermo Fisher Scientific Inc.). After treatment, the cells ( 1×10 6 ) were incubated with the EdU (2 nM/well) for 2 h at 37°C. After washing with PBS for three times, the cells were fixed with 4% paraformaldehyde for 10 min at 37°C and were incubated with Apollo Staining reaction liquid for 30 min. DAPI was used to counterstain the nuclei for 15 min at room temperature under dilution at 37°C.
Luciferase Activity Assay
Wild-type ROCK1 3ʹUTR (WT) and mutant ROCK1 3ʹUTR (MUT) containing the putative binding site of miR-31 were chemically synthesized and cloned downstream of the firefly luciferase gene in a pGL3-promoter vector (Ambion; Thermo Fisher Scientific, Inc.). HepG2 cells were placed on a 48-well plate and cultures until 80% confluence. Cells were then co-transfected with luciferase plasmids (2.5 µg per 3.5×10 4 cells/well) and miR-31 or control miRNA under DMEM medium supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Inc.) using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. At 48 h after transfection, the firefly and Renilla luciferase activities (Promega Corporation, cat. 117 no. E2810) were measured with a Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA).
TUNEL, MTT and LDH Release Assay
A one-step TUNEL kit (Beyotime Institute of Biotechnology, Haimen, China) was used for TUNEL staining as previously described. 28 After the treatment, HepG2 cells were incubated with fluorescein-dUTP (Invitrogen; Thermo Fisher Scientific, Inc.) to stain apoptotic cell nuclei and DAPI (5mg/mL) to stain all cell nuclei at room temperature for 3 min. The slides were imaged under a confocal microscope at least 5 random separate fields. LDH release was measured using an LDH release kit (Beyotime, Beijing, China). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure cell viability as previously described.
29
Annexin V/PI Flow-Cytometry Analysis
Cellular apoptosis was also detected quantitatively using the FITC Annexin V Apoptosis Detection Kit (556547, BD Bioscience). 30 The cells were stained with 5 µL of FITC Annexin V and PI and incubated for 15 min at RT (25°C) in the dark. The stained cells were subsequently analyzed using a BD FACS-Calibur cytometer (BD Bioscience).
ATP Generation, Mitochondrial Potential (Δψm) and mPTP Opening ATP generation was measured by a luciferase-based ATP assay kit (CellTiter-Glo ® Luminescent Cell Viability Assay; cat. no. G7570; Promega Corporation, Madison, WI, USA) was according to the manufacturer's protocols. The ΔΨm was visualized using the JC-1 Kit (Beyotime, China). Red fluorescence indicated normal mitochondrial potential, whereas green fluorescence indicated damage mitochondrial potential. The mPTP opening was assessed as the rapid dissipation of tetramethylrhodamine ethyl ester (TMRE) fluorescence. TMRE fluorescence was alternately excited at the wavelengths of 550 nm and 575 nm. 31 
Isolation of Mitochondria-Enriched Fraction
Mitochondrial and cytoplasmic cyt-c expression was measured via isolation of the mitochondrial-enriched fraction, followed by Western blotting. Briefly, cells were washed with cold PBS and were scraped; the homogenates were then centrifuged at 800 × g for 5 min at 4°C. The supernatants were centrifuged at 10,000 × g for 20 min at 4°C to acquire pellets, which were spun again. The final pellets were suspended in lysis buffer (cat. no. P0013E; Beyotime
Institute of Biotechnology) containing 1% Triton X-100 and were noted as mitochondrial-rich lysate fractions. 32 
Immunofluorescence Assay
We used immunofluorescence staining to determine F-actin. Briefly, cells were fixed by 4% paraformaldehyde for 10 min at room temperature. Following blocking with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Shanghai, China) in PBS for 1 h at room temperature, the cells were incubated with primary antibodies for 4 h at room temperature. Images were captured using a laser confocal microscope (TCS SP5; Leica Microsystems, Inc., Buffalo Grove, IL, USA). The primary antibody used was F-actin (1:500, Abcam, #ab205). DAPI (5 mg/ mL; Sigma-Aldrich; Merck KGaA) was used to stain the nucleus at room temperature for 10 min.
Transfection
The miR-31 mimic (miR-31-5p, miR-31 mimic group), miRcontrol (NC group) were purchased from GenePharma Company (Shanghai, China). 
Electron Transport Chain Complexes (ETCx) Activity Detection
Complex I, II, and V activity was measured according to previous studies. 33 Mitochondrial respiratory function was measured polarographically at 30°C using a Biological Oxyge Monitor System (Hansatech Instruments, King's Lynn, UK) and a Clark type oxygen electrode (Hansatech DW1, Norfolk, UK). Mitochondrial respiration was initiated by adding glutamate/malate to a final concentration of 5 and 2.5 mmol/L, respectively.
Statistical Analysis
All analyses were performed with SPSS 20.0 software (IBM Corp., Armonk, NY, USA). The data are presented as the mean ± standard deviation and statistical significance for each variable was estimated by a one-way analysis of variance followed by Tukey's test for the post hoc analysis. P<0.05 was considered to indicate a statistically significant difference. All experiments were repeated three times.
Results
miR-31 Enhances HepG2 Cell Apoptosis
Initially, the expression of miR-31 in the HepG2 cells and L02 cells was detected by qRT-PCR. Compared with L02cells, the expression of miR-31 was reduced in the HepG2 cells ( Figure 1A) . To explore the role of miR-31 in the biological functions of HepG2 cells, a mimic of miR-31 was used in HepG2 cells to increase the expression of miR-31 ( Figure 1B) . Following the transfection of miR-31, cellular viability and apoptosis were measured. As indicated in Figure 1B , miR-31 mimic significantly reduced HepG2 cell viability compared with that of control groups. In agreement with these results, the cellular apoptotic rate, as evidenced by MTT assay ( Figure 1C ), LDH release ( Figure 1D ), TUNEL + cells ( Figure 1E and F) and Annexin V + /PI − cells ( Figure 1G and H), was increased in respond to miR-31 transfection compared with control groups. It is concluded that miR-31 may act as a pro-apoptotic factor in HepG2 cells.
Transfection of miR-31 Inhibits HepG2 Cell Proliferation and Metastasis
We further assessed the effects of miR-31 on cellular proliferation and metastasis. First, we used Western blotting assay to measure the expression of cyclin D1 and cyclin E, which could accelerate the cellular transition from the G0/G1 to S stage. As shown in Figure 2A -C, cyclin D1 and cyclin E expression were dramatically decreased in miR-31 transfected HepG2 cells compared with that in the control group. To provide more evidence, we also used EdU staining to figure out the function of miR-31 on HepG2 cell proliferation ( Figure 2D and E). In miR-31 transfected HepG2 cells, the number of EdUpositive cells was significantly decreased compared with the control group. These results suggested that miR-31 is involved in the regulation of HepG2 cell proliferation. Cellular migration and invasion are key determinants of malignant progression and metastasis. 23 Through transwell assay, we found that the migratory and invasive ability of HepG2 cells were decreased when responding to miR-31 mimic compared with the control group ( Figure 2F-H) . We also detected the expression of classical epithelial-mesenchymal transition (EMT) markers, including cytokeratin, E-cadherin, N-cadherin, and vimentin by qRT-PCR. As shown in Figure 2I -L, the mRNA levels of cytokeratin and E-cadherin were dramatically elevated, while mRNA levels of N-cadherin and vimentin were significantly decreased in reaction to upregulated miR-31, thus indicating that miR-31 suppressed HepG2 cell migration. In conclusion, all these results demonstrated that miR-31 affects HepG2 cell proliferation and metastasis.
Transfection of miR-31 Activates Mitochondrial Apoptotic Pathway in HepG2 Cells
Previous studies have argued that mitochondrial dysfunction contributed to the regulation of cellular apoptosis, proliferation and migration. 32 To discover the underlying mechanism by which miR-31 induced HepG2 cell apoptosis, we focused on the mitochondrial related apoptosis pathway via the analysis of mitochondrial potential, its related apoptotic proteins, mPTP opening, cyt-c leakage and mitochondrial related apoptotic proteins. First, we used JC-1 staining to detect the mitochondrial potential ( Figure 3A and B). Compared with the control group, the mitochondrial potential was observably decreased in miR-31 transfected HepG2 cells as shown by the decreased red fluorescence and increased green ones. miR-31 mimic also enhanced the mPTP opening time ( Figure 3C ). In comparison with the control group, the transfection of miR-31 caused more cyt-c leakage from mitochondria into the cytoplasm ( Figure 3D-F) . Furthermore, proteins associated with mitochondrial damage were evaluated by Western blot ( Figure 3G-K) . Introduction of miR-31 increased the expression of proapoptotic proteins (Bax, caspase9 and caspase3) but decreased the anti-apoptotic proteins (Bcl-2 and x-IAP) compared with the control group. Collectively, all findings point out that miR-31 may activate the mitochondrial apoptotic pathway.
miR-31 Contributes to Mitochondrial Dysfunction in HepG2 Cells
Mitochondria, the energy house of cell, is vital in the growth and metastasis of tumor cells. 34, 35 Thus, we were concerned with the question whether miR-31 contributed to mitochondrial dysfunction in HepG2 cells. To get a certain answer, we also investigated the role of miR-31 in mitochondrial metabolism in the present study. It was observed that miR-31 mimic inhibited the ATP generation in HepG2 cells compared to the control and NC group ( Figure 4A ). Moreover, miR-31 transfection decreased the activity of mitochondrial respiratory complexes, which were coupled to the decrease of the state 3 respiratory rate ( Figure 4B-H) . The current study also analyzed glucose uptake, lactate content, and the oxygen consumption rate in HepG2 cells after transfection of miR-31 ( Figure 4I-K) . As shown in Figure 4I -K, miR-31 mimic decreased glucose uptake and lactate product and oxygen consumption in HepG2 cells compared with the control and NC group. Together, these results confirmed miR-31 contributed to the mitochondrial dysfunction in HepG2 cells.
miR-31 Activates HepG2 cell Injury via ROCK1/F-Actin Pathways
Several researches have been said that ROCK1/F-actin pathways contributed to the mitochondrial related cell apoptosis, migration inhibition, and proliferation arrest in several cancer cells. 36, 37 Thus, a question was raised whether miR-31 functions in HepG2 cells through ROCK1/F-actin pathways. To answer it, Y-27632, the inhibitor of ROCK1, was used in HepG2 cells transfected with miR-31 mimic. As shown in Figure 5A -C, the protein levels of ROCK1 were upregulated in response to miR-31 mimic, whereas F-actin expression was reduced. Y-27632 administration abolished the effect of miR-31 om ROCK1 and F-actin. Altogether, it implies that miR-31 can activate ROCK1/F-actin pathways. Y-27632 also enhanced ATP generation ( Figure 5D ), maintained the mitochondrial potential ( Figure 5E and F) , and reduced the number of TUNEL positive cell ( Figure 5G ) in HepG2cells followed miR-31 mimic. Furthermore, inhibiting ROCK1 reduced miR-31 mimic induced proliferation arrest as well as migration inhibition as evidenced by increased EdU positive cells ( Figure 5H ), migrated cells ( Figure 5I and J) and longer filopodia ( Figure 5K and L) outside of the cellular membrane. In one word, it signifies that ROCK1/F-actin pathways are necessary for miR-31-mediated apoptosis, energy disorder, migration inhibition, and proliferation arrest.
Furthermore, qPCR analysis showed a 6-nt match to the miR-31 seed region with the 3ʹUTR of ROCK1 ( Figure 5M ). To test whether miR-31 directly targeted the 3ʹUTR of Mfn2, luciferase assays were performed using 3ʹUTR sequence fragments containing the predicted target of ROCK1 and its mutated version inserted downstream of a luciferase reporter ( Figure 5N ). The results demonstrated that the luciferase activity was downregulated in cells co-transfected with miR-31 mimics and the wild-type ROCK1 3ʹUTR compared with the mutated type, suggesting that ROCK1 is a target gene of miR-31. These data indicate that miR-31 directly regulates transcription and expression of ROCK1. 
Discussion
Numerous studies have revealed that miRNA is intimately related to tumor initiation and progression. 38, 39 Present works have confirmed that miR-31 is downregulated in liver cancer and involved in liver cancer cell apoptosis, migration impairment, and proliferation delay. 10, 40 But the underlying mechanisms remain unclear. The present study fills this gap and confirmed that miR-31 promotes HepG2 cells mitochondria-related apoptosis and inhibits proliferation and metastasis by activating the ROCK1/F-actin pathway.
Over the past decades, the part of mitochondrial homeostasis in tumor growth and metastasis has received increasing attention. 41 Compared with normal cells, cancer cells have faster growth and invasive abilities requiring more energy from the mitochondria. 42, 43 Through intreating with the endoplasmic reticulum (ER), mitochondria is also involved in the regulation of sphingolipid metabolism which is strongly associated with cell proliferation, metastasis, and drug resistance. 44, 45 In addition, mitochondrial fission and mitophagy are also reported to promote cancer cell death. 46 Mitochondrial Reactive Oxygen Species (mROS) also can activate several oncogenic signaling pathways, such as Ras/MAPK/ERK, PI3K/Akt, and IKK/ KF-B. 47 All the above works have shown a critical part that the mitochondria plays a role in the development of cancer. This study demonstrates that miR-31 induces mitochondrial injury and inhibits HepG2 cell survival, proliferation, and metastasis consistent with a previous study. F-actin has been proved to be involved in the regulation, cell proliferation, and movement. In the process of mitochondrial fission, F-actin is rearranged on the mitochondrial outer membrane surface and forms a ring structure with Drp1. 48 Moreover, F-actin exacerbates astrocyte apoptosis via activating the Ras2-cAMP-PKA pathway. 49 Notably, F-actin homeostasis is regulated by ROCK1, which depolymerizes F-actin into G-actin. Besides, ROCK1 is strongly associated with cancer growth and metastasis. At the molecular level, ROCK1 promotes mitochondrial dysfunction and mitochondria-related apoptosis through the PTEN pathway and PI3K/Akt pathway in human leukemia cells. 50 In this study, we can be certain that miR-31 is the upstream effector of ROCK1/F-actin axis, and inhibiting the ROCK1/F-actin pathway abolishes the beneficial effects of miR-31 on viability, mitochondrial function, proliferation, and movement in liver cancer HepG2 cells. However, the targets of miR-31 are not clearly described in this study. The underlying mechanism by which miR-31 increased ROCK1 expression should be measured in the future study. ROCK1/F-actin is reported to promote mitochondrial dysfunction and apoptosis via activating mitochondrial fission. 20, 22 Whether mitochondrial fission is involved in miR-31 induced mitochondrial injury and apoptosis in HepG2 cells needs further research.
To explore the role of ROCK1/F-actin pathways in miR-31 induced HepG2 cells mitochondrial dysfunction and apoptosis. Y-27632, the inhibitor of ROCK1, was used in HepG2 cells transfected with miR-31 mimic. It is worth noting that some studies had shown that Y-27632 only inhibits its activity, usually has no effect on its expression. 51, 52 However, other studies have shown that Y-27632 inhibits ROCK1 through inhibiting its expression. 26, 53 The different effects of Y-27632 on ROCK1 may be related to cell types.
Limitation
Recent works have reported that the liver cancer cell lines (HepG2) exhibited relatively low miR-31 expression levels compared to the non-cancer cell line, L02. 9, 10 Thus, the effect of miR-31 in normal cell line was not detected in this study, and this is a limitation of this study.
Conclusions
Altogether, our data explain the underlying mechanism of miR-31 induce apoptosis, proliferation arrest and movement inhibition with a focus on ROCK1/F-actin pathway and mitochondrial injury in liver cancer HepG2 cells. Our findings shed new light into an understanding of liver cancer development and progression and may provide a new therapeutic approach for liver cancer.
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